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Abstract 

Wilson's disease is an autosomal recessive disorder caused by more than 500 mutations in ATP7B gene presenting 
considerably clinical manifestations heterogeneity even in patients with a particular mutation. Previous findings suggested 
a potential role of additional genetic modifiers and environment factors on phenotypic expression among the affected 
patients. We conducted clinical and genetic investigations to perform genotype-phenotype correlation in two large families 
living in a socio-culturally isolated community with the highest prevalence of Wilson's disease ever reported of 1:1130. 
Sequencing of ATP7B gene in seven affected individuals and 43 family members identified a common compound 
heterozygous genotype, H1069Q/M769H-fs, in five symptomatic and two asymptomatic patients and detected the presence 
of two out of seven identified single nucleotide polymorphisms in all affected patients. Symptomatic patients had similar 
clinical phenotype and age at onset (18±1 years) showing dysarthria and dysphagia as common clinical features at the time 
of diagnosis. Moreover, all symptomatic patients presented Kayser-Fleischer rings and lack of dystonia accompanied by 
unfavourable clinical outcomes. Our findings add value for understanding of genotype-phenotype correlations in Wilson's 
disease based on a multifamily study in an isolated population with high extent of genetic and environmental homogeneity 
as opposed to majority of reports. We observed an equal influence of presumed other genetic modifiers and environmental 
factors on clinical presentation and age at onset of Wilson's disease in patients with a particular genotype. These data 
provide valuable inferences that could be applied for predicting clinical management in asymptomatic patients in such 
communities. 
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Introduction 

Wilson's Disease (WD, OMIM #277900) is an autosomal 
recessive disorder of copper metabolism caused by mutations in 
the responsible gene, ATP7B, that codes for a membrane-bound 
copper-transporting P-type ATPase [1,2,3]. The ATP7B gene is 
located on chromosome 13 and has 21 exons spanning a DNA 
region of about 100 kb [4,5,6]. Over 500 mutations within the 
ATP gene have been identified along the whole length of the entire 
coding region and also in promoter and intronic regions (http:// 
www.wilsondisease.med.ualberta.ca/database.asp). The world- 
wide prevalence of WD is estimated at one in 30000 and one in 
100000 in most populations [7,8], with a carrier frequency of 1 in 
90 to 122 [9,7]. The highest prevalence of WD was reported in the 
Sardinian (1:7000) and Gran Canaria Island (1:2600) populations 
due to inbreeding and founder effects [10,1 1]. The frequency and 



distribution of ATP7B mutations in Romanian WD patients are 
not known precisely [12,13]. 

The diagnosis of WD is made by clinical symptomatology in 
conjunction with biochemical, histological, imagistic data as 
established by Scheinber and Sternlieb [14,15,16] and/or genetic 
testing. Phenotypic classification could be realized using the WD 
classification scheme proposed by Ferenci et al [17]. Due to the 
wide range of clinical and biochemical features, Wilson's disease is 
difficult to characterize clinically. 

The clinical architecture of Wilson's disease results from 
interactions between ATP7B and a spectrum of other genetic 
modifiers, environmental or lifestyle and stochastic factors that 
could have a degree of population and geographic specificity. 

Copper accumulation can affect many organs especially brain 
or liver function generating diverse clinical presentations. Hepatic 
manifestations can range from asymptomatic liver and spleen 
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enlargement to acute liver failure and cirrhosis, while neuropsy- 
chiatric manifestations can range from tremor, dysarthria, 
dystonia and cognitive dysfunction with or without hepatic 
presentation. 

No definite genotype-phenotype correlations have been estab- 
lished so far due to the allelic heterogeneity and the rareness of the 
disease. However, few papers have suggested possible relationships 
between age at onset or type of presentation and a specific 
genotype [18,19,20,21]. 

Genealogic investigation allowed us to cluster two large families 
in a common multigenerational pedigree in a socio-culturally 
isolated mountain community with the highest WD prevalence 
ever reported. As outiined by other reports, an isolated community 
is a powerful resource for genetic studies as a consequence of 
limited genetic heterogeneity of their inhabitants who are more 
likely to share additional common genetic modifier factors and 
have similar eating habits that could increase the chances of 
finding subjects with the same ATP7B genotype and performing 
genotype-phenotype correlations [22,23]. 

Here, we conducted a genetic analysis of seven WD patients and 
43 family members in two large families spanning six generations 
and focused on a detailed evaluation of genotype-phenotype 
correlation. Our results could support the hypothesis of equal 
effect on WD clinical presentation and age at onset of genetic 
modifier factors in such populations. 

Subjects and Methods 

We studied two large families, which spanned six generations 
consisting of 50 living members, of which 7 were affected by WD. 
We were able to link these two families based on information 
provided by relatives of patients in an extensive multigenerational 
pedigree sharing 4 unique family names (Figure 1). No consan- 
guinity was recorded among parents and the families are inter- 
connected only through the last three generations. The proband 
was a 59-year-old male who underwent clinical assessment and 
was diagnosed with WD at the age of 19. The pedigree has been 
modified to protect the anonymity of the families. Informed 
written consent was obtained in accordance with protocols 
approved by the "Carol Davila" University of Medicine and 
Pharmacy's ethical committee. These families are located in Rucar 
in a mountain region having a current population size estimated at 
6200 with a possible high level of consanguinity in the past. 

Clinical Diagnosis 

We initially based the diagnosis of affected members on 
neurological clinical symptomatology like the presence of a 
Kayser-Fleischer (K-F) ring using slit-lamp examination, typical 
neurological symptoms, and hepatic features including symptoms 
of acute, chronic cirrhosis and fulminant liver failure, and the 
presence of conventional biochemical markers like low serum 
ceruloplasmin (<20 mg/dL) and elevated baseline 24-hour 
urinary copper excretion (baseline levels > 100 ug/24 h), 
(Table 1). Due to parental refusal or religious convictions and 
since most of the patients were neurologic, liver biopsy was not 
carried out as a diagnostic measure. We performed a second 
complete clinical evaluation complemented with liver biochemical 
and genetic analysis in this study for all affected and asymptomatic 
subjects. 

Mutation Sequence Analysis 

We extracted genomic DNA from whole blood in EDTA using 
PureLink Genomic DNA Mini kit (Invitrogen, USA). We 
performed mutation analysis on PCR amplified DNA for the 



entire 2 1 coding exons, their exon-intron boundaries and 600 base 
pair of promoter with primers previously reported [24,25] and 
other primers that are available on request using AmpliTaq Gold 
polymerase (Applied Biosystems, USA) according standard proto- 
cols. We purified PCR products with QJAquick PCR purification 
kit (Hilden, Germany) and sequenced with the Big Dye 
Terminator v3.1 Cycle Sequencing kit using ABI PRISM 310 
and ABI 3130XL Genetic Analyzers (Applied Biosystems, USA). 
Analyses of ATP7B DNA sequencing data were performed using 
the ABI PRISM DNA Sequencing Analysis Software, Version 3.7. 
The sequences were aligned and compared with the revised 
Cambridge Reference Sequence rCRS (NMJ300053, NCB), using 
the SeqScape Software Version 2.5. We confirmed the detected 
mutations and SNPs on both sequencing platforms in forward and 
reverse directions and compared with the revised Cambridge 
Reference Sequence rCRS using the SeqScape Software, Version 
2.5 and MEGA5. 

Results 

Sequencing Results 

Sequencing results revealed two mutations, C.3207OA 
(p.Hisl069Gln) and c.2304insC (p.Met769His-fs), and seven 
additional single nucleotide polymorphisms (SNPs) in exons/ 
introns: exon 2, c. 12 16 T>G (p.Ser406Ala); exon 3, c.l366G>C 
(p.Val456Leu); exon 10, c.2495A>G (p.Lys832Arg); exon 12, 
c.2855G>A (p.Arg952Lys); intron 13, c.2866-13G>C; exon 16, 
c.3419C>T (p. Vail 140Ala) and intron 18, C.3903+6OT in 
seven members affected by WD oudined in a common pedigree. 
Of these two mutations, one is a missense mutation, H1069Q, 
located in exon 14 and the other is a frameshift mutation, M769H- 
fs, lying in exon 8. The mutations described herein, p.H1069Q_ 
and p.M769H-fs, alter ATP loop and Tm 4 domain, respectively. 

These two mutations are represented as compound heterozy- 
gous in the proband (V.20) and other four symptomatic patients in 
two families outlined in a large apparendy non-consanguineous 
pedigree in a socio-culturally isolated community with high 
prevalence of WD (Figure 1). By direct sequencing of ATP7B 
gene we identified the same compound heterozygous genotype, 
H1069Q/M769H-fs, in both asymptomatic children (VI.3 and 
VI.4) of parents (V.8 and V.9). The mutation M769H-fs is 
represented as heterozygous in 13 unaffected members and the 
mutation H1069Qis represented as heterozygous in 8 unaffected 
members in the pedigree. 

We screened a total of 43 family members for the identified 
mutations and SNPs. The discovered SNPs, previously reported 
[26,27,28,29,30,31,32] were tested in 102 healthy controls with 
their frequencies presented in Table 2. 

In the pedigree, two or more SNPs occurred simultaneously at 
different haplotype combinations among affected patients and 
healthy members. Two of the seven SNPs, c.2495A>G and 
C.34190T, were present in all symptomatic and asymptomatic 
patients. 

Clinical Data 

Patient V.20, the proband of pedigree, was initially diagnosed 
with WD at the age of 20 in 1974, although he first exhibited 
neurological signs including dysarthria in one hand, mild 
dysphagia and malaise at the age of 19 without seeking medical 
advice. He was started on D-penicillamine treatment at age of 2 1 
years due to the unavailability of the drug in Romania at the time 
of his diagnosis. The patient responded to the treatment and his 
conditions improved slightly. Ophthalmologic examination re- 
vealed bilateral Kayser-Fleischer rings. After the onset of the 
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Figure 1. Pedigree and genetic analyses of the two large families. Genetic analyses were performed on all individuals indicated by filled, 
divided and open symbols. Pedigree symbols: slashed symbol, deceased individual; open symbol, unaffected individual; divided gray symbol, carrier 
for M769H-fs mutation; divided black symbol, carrier for H1069Q mutation; filled symbol, affected individual with compound heterozygous genotype. 
A filled arrowhead indicates proband. Roman numbers indicate generations. 
doi:1 0.1 371 /journal.pone.0098520.g001 



disease, he gradually developed neuropsychiatric complications 
including advanced dysarthria, drooling, postural tremor and 
instability, chorea, parkinsonism and cognitive manifestations like 
slowness of thinking and executive dysfunction. Decompensated 
liver cirrhosis was present with Ghild-Pugh score B at the age of 36 
years with mild ascites, jaundice, coagulopathy, hyperbilirubin- 
emia and hypoalbuminemia. 

Patient V.5 was initially admitted to hospitalization at the age of 
1 7 years in 2000 with signs of liver failure including subfebrile 
temperature, jaundice, fatigue and vomiting. The pathological 
findings were initially interpreted as a presumed hepatic viral 
infection but investigation of his nervous system revealed clinical 
symptoms including dysarthria, mild dysphagia and malaises. His 
serum ceruloplasmin and his 24-hours urinary copper levels were 
in pathological range (Table 1). In addition, the presence of the 
pathognomonic clinical sign, presence of the Kayser-Fleischer 
rings in both eyes, was confirmed by ophthalmoscopic examina- 
tion by slit lamp examination. He was started on low D- 
penicillamine (250 mg/day) dose and continued with slowly 
increasing doses that resulted in a modest improvement but was 
diagnosed 2 years later with compensated liver cirrhosis with 
Child-Pugh score A. In 2013, he was diagnosed with acute 
myeloid leukemia. 

Patient V. 17 was diagnosed with WD in 1987 at the age of 19, 
presenting with mild dysphagia, mild dysarthria and headache. 
Kayser-Fleischer rings initially unobserved were subsequendy 
detected bilaterally by slit lamp examination. His serum cerulo- 
plasmin and 24-hours urinary copper levels are presented in 
Table 1. He has been treated with D-pencillamine with 
incremental doses ever since, with initial slight improvement in 
his condition, but subsequent worsening the disease. Signs of mild 
hepatic manifestations without jaundice and haemolytic anemia 
presented later. The patient has developed major neurological 
features including pronounced dysphagia and dysarthria, drooling, 
unsteady gait and psychiatric manifestations like agoraphobia, 
slowness of thinking and mood disturbances. 

Patient V.9 was diagnosed with WD at the age of 18 presenting 
with progressive neurological symptoms, including dysarthria, 
dysphagia without impairment of motor skills. His ceruloplasmin 
levels were low (<2.6 mg/dL) and his 24-hours urinary copper 
high (> 1019 u.g/day). Ophthalmologic examination revealed 



bilateral Kayser-Fleischer rings. Response was initially positive to 
D-penicillamine therapy. Five years later, abdominal ultrasonog- 
raphy examination detected a mild echogenicity in the liver. 
Dysarthria became pronounced over the years with subsequendy 
developed body bradykinesia, resting and postural tremor. 

Both children of this patient (VI. 3 and VI. 4), were clinically 
asymptomatic, but were diagnosed with WD by biochemical tests 
at the age of 6 and 7, respectively. An apparent pseudo-dominat 
inheritance with two consecutive generations affected by Wilson's 
disease could be seen in parents and their children in this family. 

The children's neurological tests were normal, however 
laboratory findings were clearly abnormal consisting of increased 
24 h urinary copper values, decreased serum ceruloplasmin levels 
and high levels of aspartate transaminase (AST) and alanine 
transaminase (ALT), (Table 1). Preventive treatment with D- 
pencillamine was started for both children once they were 
diagnosed. 

For patient V. 10, the sister of V.9 (affected), symptoms began 
when she was 19 years old. She indicated that the symptoms 
started insidiously when she was 18. At the time of diagnosis, signs 
of neuropsychiatric disturbances without liver presentation were 
present including dysphagia, nystagmus, and dysarthria, lacking 
signs of tremor and postural instability, and mild cognitive 
impairment like difficulties in school performance. Kayser- 
Fleischer rings were present on both eyes. The response to D- 
penicillamine therapy was adequate, showing slight improvement, 
but was discontinued during her pregnancies. In a very short 
period of time, she suffered a gradual psychiatric deterioration 
resulting in depression, personality changes and behavioral 
disturbances associated with advanced neurological clinical 
features including body bradykinesia, tremor and postural 
instability. 

Unaffected family members of all WD subjects had a full 
evaluation and were found normal. Their physical examination, 
serum ceruloplasmin, serum copper, ALT, AST and 24 h urine 
copper levels were normal. 

Severe neurological deterioration was observed in all symptom- 
atic patients without relevant side effects. Three of the symptom- 
atic patients with initial neurological signs, patients VI 0, V.7 and 
V. 15, developed a parallel deterioration of hepatic function while 
under treatment with evidence of cirrhosis, either compensated in 
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patient V. 10 or decompensated in patient V.20, whereas the other 
two remained only neurologically symptomatic with stable liver 
function. Both asymptomatic patients showed no normalization of 
biochemical tests under drug therapy. 

Discussion 

The extensive variation in hepatic and neurological presenta- 
tions in affected patients carrying an identical genotype in different 
families or within the same family is one of the most intriguing 
aspects of Wilson's disease [2,19,33]. It is unknown why a 
particular genotype is not associated to a specific behavior of the 
disease, albeit some authors have tried to establish a correlation 
between the type of presentation, age at onset or clinical course 
and the presence of a specific mutation in heterozygous or 
homozygous state [20,21,34,35]. 

Since the Middle Ages for more than 600 years wealthy families 
of shepherds in Rucar region practiced marriages between 
members of the same clan as a way of protecting the family 
inheritance. This marriage pattern changed only at the beginning 
of 20th century. As a result of this socio-cultural practice, a period 
of genetic isolation could have occurred definitely affecting the 
actual genetic structure of this population. Although the actual 
prevalence of consanguineous marriages is very low in Romanian 
population, a substantial level of consanguinity would have been 
inevitable in scattered mountain rural communities in the past. 
Isolation could still play a role in this region as a result of the 
absence of immigration generated by poor economic resources. 

On the basis of the number of Wilson's disease patients and 
births recorded between 1975-2012 we calculated the prevalence 
of the disease to be 1:1130. This is the highest prevalence ever 
reported [10,11,36]. 

As summarized in our paper, there were significant similarities 
at the time of diagnosis with respect to clinical features and ages at 
onset. Pedigree analysis revealed an apparent pseudo-dominant 
inheritance case in which two consecutive generations presented 
family members with Wilson's disease. A similar situation was 
reported by other studies in consanguineous or distant consan- 
guineous families [24,37,38]. 

In most published papers, authors compared patients from 
distinct families that are homozygous for a particular mutation, 
while others compared homozygotes for the same type of mutation 
[19,39]. 

As a result of identical age at onset and similar clinical 
presentation among all our symptomatic patients, we suggest a 
dominance effect of frameshift mutation p.M769H-fs over 
missense mutation P-H1069Q; Although the presence of an 
intermediate effect as previously suggested by Gromadzka et al [34] 
or the influence of other genetic factors could not be excluded. 

The presence of a coexisting frameshift mutation, p.H1069Q, in 
compound heterozygous state in our patients was associated with 
lower age at onset that is in agreement with previously reported 
results regarding the ages at onset for p. H1069Q homozygotes and 
p.H1069Q/missense patients [39,40]. 

Moller et al [41] classified mutations either as severe or 
moderate based on whether they cause clinical symptoms before 
or after the age of 20, assuming the disease severity defined by the 
age of onset is determined by the less severe of two mutations. In 
our compound heterozygote patients carrying two severe muta- 
tions according to Moller classification, p.H1069Qand p.M769H- 
fs, the age at presentation (18±1 years) fits exactly with the 
proposed algorithm. In contrast, Gupta et al [33] obtained 
contradictory data suggesting that the age of onset is established 
by the most severe from the two mutations. 
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Table 2. The SNPs of the ATP7B gene in healthy control group. 





Exon/intron 


Nucleotide 


Amino acid 


Protein domain 


Type 


SNP 


Allele 

frequency (%) 


2 


c.1216 T>G 


p.Ser406Ala 


Cu 4 


Missense 


Known 


39 


3 


C.1366G>C 


p.Val456Leu 


Cu 5 


Missense 


Known 


42 


10 


c.2495A>G 


p.Lys832Arg 


A-domain/Td 


Missense 


Known 


65 


12 


c.2855G>A 


p.Arg952Lys 


TM5 


Missense 


Known 


16 


Intron 13 


c.2866-13G>C 








Known 


46 


16 


C34190T 


p.Va!1140Ala 


ATP loop 


Missense 


Known 


31 


Intron 18 


C.3903+6OT 








Known 


26 



Abbreviation and Notes: SNP, single nucleotide polymorphism. Nucleotide numbering refers to the cDNA according GenBank Accession number NM000053, where the 
first nucleotide of ATG translation codon is considered nt +1 . Total number of alleles was 204. 
doi:1 0.1 371 /joumal.pone.0098520.t002 



Dysarthria and dysphagia, either mild or advanced, were the 
first common signs observed for all symptomatic WD patients, 
except for two asymptomatic children that could follow an 
identical clinical course without medication. Moreover, in all 
symptomatic patients Kayser-Fleischer rings were present without 
showing a very common neurological sign, namely, dystonia. 

Several familial studies have shown that despite phenotypic 
variation, siblings present an identical clinical type or age at onset 
[42,43] while a few authors observed no genotype-phenotype 
association even among the same homozygote or compound 
heterozygote genotype siblings or monozygotic twins [33,44,45]. 

In a recent paper, Chabik el al [43] reported results similar to 
our findings demonstrating a high intra-familial concordance of 
WD patients with a less predictability for neurological presenta- 
tion. Furthermore, our study indicated a great clinical predict- 
ability even for neurological presentation by the presence of the 
same set of clinical features at the time of diagnosis and identical 
ages at onset (Table 3). 

For our symptomatic patients long-term follow-up revealed 
unfavourable outcomes with respect to the course of neuropsy- 
chiatric symptoms. Subsequently occurrence of other clinical 
features, neuropsychiatric and/ or hepatic, in addition to initial 
common neurological signs and overall progressive clinical picture 
could be especially explained by the failure of medication, the time 
from diagnosis to treatment or periods of drug therapy discontin- 
uation in some of patients. However, the implication of other 



presumed genetic factors could not be completely excluded. 
Development of acute myeloid leukemia, a very rare clinical 
feature in WD, was attributed by a single study to toxicity of D- 
penicillamine [46] . It seems unlikely that the occurrence of acute 
myeloid leukemia can be explained by the toxic effect of D- 
penicillamine for our patient repeatedly discontinued his medica- 
tion use. 

One of our most notable findings was the accelerated rate of 
disease progression of all symptomatic patients while under 
treatment with D-penicillamine. The progression of neuropsychi- 
atric symptoms for all our patients while under treatment could be 
in concordance with Lee et al [47] finding that indicates a less 
favourable outcome for patients with neurological presentation 
compared to patients showing hepatic presentation. 

The involvement of other presumed genetic modifiers factors 
such as ATOX1, COMMD1 and/or environmental factors could 
complicate the clear prediction of a specific phenotypic expression 
but their influence remains contentious as was suggested by other 
reports [47,48,49,50]. Clinical heterogeneity in compound het- 
erozygous patients influenced by the same environmental factors 
could not be entirely explained by the differing severity of 
particular alleles or other supplementary genetic modifiers but also 
by the additive effect of SNPs in ATP7B gene. Thus, two of the 
five exonic SNPs, c.2495A>G and c.3419C>T, were found 
present in all affected patients suggesting an identical additive 
effect of SNPs on phenotypic expression. 



Table 3. Genotype-phenotype correlations found in patients with Wilson's disease. 







ATP7B Genotype 


Clinical symptoms at diagnosis 




Patient No Mean age at onset 18±1 (y) 


H1069Q/M769H-fs 


Neurological presentation Clinical findings 


K-F ring 


V.5 + 


+ 


+ Dysarthria, dysphagia 


+ 


V.10 + 


+ 


+ Dysarthria, dysphagia, nystagmus 


+ 


V.9 + 


+ 


+ Dysarthria, dysphagia 


+ 


V.I 7 + 


+ 


+ Mild dysarthria, mild dysphagia 


+ 


V.20 + 


+ 


+ Dysarthria, mild dysphagia 


+ 


VI.3 A 


+ 






VI .4 A 


+ 







Abbreviation and Notes: "— ", negative; "+", positive; A, asymptomatic; y, years; K-F, Kayser-Fleischer; 

These results demonstrate that the H1 069Q/M769H-fs genotype is associated with common neurological symptoms at the time of diagnosis (dysarthria, dysphagia and 
K-F rings) and similar ages of onset, except for the two asymptomatic children that can have an identical clinical course without treatment. Patient numbering is 
represented as indicated in the pedigree. 
doi:1 0.1 371 /journal.pone.0098520.t003 



PLOS ONE | www.plosone.org 



5 



June 2014 | Volume 9 | Issue 6 | e98520 



Genotype/Phenotype and ATP7B Mutations 



In conclusion, according to our results additional genetic 
modifiers and environmental factors would be expected to exert 
an equal influence on clinical picture and age at onset of WD in 
patients with a given genotype within the same or different families 
in relatively small isolated communities. Whereas a diverse effect 
would be expected some patients from diverse regions as a result of 
environmental and genetic heterogeneity as was demonstrated by 
other research. 

Our patients offered a rare opportunity for assessing genotype- 
phenotype correlations considering the reduced worldwide avail- 
ability of WD patients with a particular genotype living in isolated 
populations even if we could not draw definite conclusions. Our 
results suggest the use of genotypes to predict clinical manifestation 
and age at onset in asymptomatic patients in such communities. 

Supporting Information 

Table SI The ATP7B mutations and SNPs detected in 
this study. 

References 

1. Wilson SAK (1912) Progressive lenticular degeneration: a familial nervous 
disease associated with cirrhosis of the liver. Brain 34: 295-507. 

2. Ala A, Walker AP, Ashkan K, DooleyJS, Schilsky ML (2007) Wilson's disease. 
Lancet 369: 397-408. 

3. Gitlin JD (2003) Wilson disease. Gastroenterology 125: 1868-1877. 

4. Frydman F, Bonnc-Tamir B, Farrer LA, Conneally PM, Magazanik A, et al. 
(1985) Assignment of the gene for Wilson disease to chromosome 13: linkage to 
esterase D locus. Proc Natl Acad Sci USA 82: 1819-1821. 

5. Bull PC, Thomas GR, RommensJM, Forbes JR, Cox DW (1993) The Wilson 
disease gene is a putative copper transporting P-type Al'Pase similar to the 
Menkes gene. Nat Genet 5: 327-3.37. 

6. Yamaguchi Y, Heiny ME, Gitlin JD (1993) Isolation and characterization of a 
human liver cDNA as a candidate gene for Wilson disease. Biochem Biophys 
Res Commun 197: 271-277. 

7. Reilly M, Daly L, Hutchinson M (1993) An epidemiological study of Wilson's 
disease in the Republic oflreland. J Neurol Neurosurg Psychiatry 56: 298-300. 

8. Roberts EA, Schilsky ML (2008) Diagnosis and treatment of Wilson disease: an 
update. Hcpatology 47: 2089-2111. 

9. Figus A, Angius A, Loudianos G, Bertini C, Dessi V, et al. (1995) Molecular 
Pathology and Haplotypc Analysis of Wilson Disease in Mediterranean 
Populations. AmJ Hum Genet 57: 1318-1324. 

10. Loudianos G, Dessi V, Lovicu M, Angius A, lugus A, et al. (1999) Molecular 
characterization of Wilson disease in the Sardinian population-evidence of a 
founder effect. Hum Mutat 14: 294-303. 

11. Garcia- Villarrcal L, Daniels S, Shaw SH, Cotton D, Galvin M, et al. (2000) 
High prevalence of the very rare Wilson disease gene mutation Lcu708Pro in the 
Island of Gran Canaria (Canary Islands, Spain): a genetic and clinical study. 
Hcpatology 32: 1329-36. 

12. Iacob R, Iacob S, Nastasc A, Vagu C, Ene AM, et al. (2012) The Hisl069Gln 
mutation in the ATP7B gene in Romanian patients with Wilson's disease 
referred to a tertiary gastroenterology centre. Gastrointestin Liver Dis 21: 181- 
185. 

13. Lcpori MB, Zappu A, Incollu S, Dessi V, Mameli E, et al. (2012) Mutation 
analysis of the ATP7B gene in a new group of Wilson's disease patients: 
contribution to diagnosis. Mol Cell Probes 26: 147-150. 

14. Scheinberg IH, Gitlin D (1952) Deficiency of ccruloplasmin in patients with 
hepatolenticular degeneration (Wilson's disease). Science 116: 484—485. 

15. Scheinberg IH, Sternlicb I (1984) Wilson's disease. Philadelphia: WB Saunders. 
23-25. 

16. Stcrnlieb I (1990) Perspectives on Wilson's disease. Hepatology 12: 1234-1239. 

17. Ferenci P, Caca K, Loudianos G, Mieli-Vergani G, Tanner S, et al. (2003) 
Diagnosis and phenotypic classification of Wilson disease. Liver Int 23: 139-142. 

18. StapelbroekJM, Bollen CW, van Amstel JK, van Erpecum KJ, van HattumJ, et 
al. (2004) The H1069Q: mutation in ATP7B is associated with late and 
neurologic presentation in Wilson disease: results of a meta-analysis. J Hepatol 
41: 758-763. 

19. Nicastro E, Loudianos G, Zancan L, D'Antiga L, Maggiore G, et al. (2009) 
Gcnotypc-phcnotypc correlation in Italian children with Wilson's disease. 
J Hepatol 50: 555-56 1 . 

20. Barada K, Ncmcr G, ElHajj II, Touma J, Cortas N, et al. (2007) Early and 
severe liver disease associated with homozygosity for an exon 7 mutation, 
G691R, in Wilson's disease. Clinical Genetics 72: 264-267. 

21. Merle U, Weiss KH, Eisenbach C, Tuma S, Ferenci P, et al. (2010) Truncating 
mutations in the Wilson disease gene A FP7B arc associated with very low serum 
ceruloplasmin oxidase activity and an early onset of Wilson disease. BMC 
Gastroenterol 18: 10-18. 



(DOCX) 

Table S2 Electropherograms showing the mutations 
and polymorphisms in our study. 

(DOCX) 

Acknowledgments 

We acknowledge and thank all participants for their cooperation and 
sample contributions. 

Author Contributions 

Conceived and designed the experiments: FR RC. Performed the 
experiments: RC FR SS IS AS. Analyzed the data: FR RC. Contributed 
reagents/materials/analysis tools: RC FR LCB. Wrote the paper: RC FR 
SS. Discussed the results and commented on the manuscript: RC FR SS. 



22. Fraga MF, Ballcstar E, Paz MF, Ropero S, Setien F, et al. (2005) Epigenetic 
differences arise during the lifetime of monozygotic twins. Proc Natl Acad 
Sci USA 102: 10604-10609. 

23. Bittles AH, Black ML (2010) Consanguinity, human evolution, and complex 
diseases. Proc Natl Acad Sci U S A 107 (suppl 1): 1779-1786. 

24. Coffey AJ, Durkie M, Hague S, McLay K, Emmcrson J, et al. (2013) A genetic 
study of Wilson's disease in the United Kingdom. Brain 136: 1476-1487. 

25. Vrabelova S, Letocha O, Borsky M, Kozak L (2005) Mutation analysis of the 
ATP7B gene and genotypc/phenotype correlation in 227 patients with Wilson 
disease. Mol Genet Metab 86: 277-285. 

26. Gupta A, Maulik M, Nasipuri P, Chattopadhyay I, Das SK, et al. (2007) 
Molecular Diagnosis of Wilson Disease Using Prevalent Mutations and 
Informative Singlc-Nuclcotide Polymorphism Markers. Clin Chem 53: 1601- 
1608. 

27. Olsson C, Waldenstrom E, Westermark K, Landcgrc U, Syvanen AC (2000) 
Determination of the frequencies often allelic variants of the Wilson disease gene 
(ATP7B), in pooled DNA samples. Eur J Hum Genet 8: 933-938. 

28. Due HH, Hcfter H, Stremmcl W, Castaheda-Guillot C, Hernandez HA, et al. 
(1998) Hisl069Gln and six novel Wilson disease mutations: analysis of relevance 
for early diagnosis and phenotypc. Eur J Hum Genet 6: 616—623. 

29. Wang LH, Huang YQ, Shang X, Su QX, Xiong F, et al. (2011) Mutation 
analysis of 73 southern Chinese Wilson's disease patients: identification of 10 
novel mutations and its clinical correlation. J Hum Genet 56: 660-665. 

30. Ye S, Gong L, Shui QX, Zhou LF (2007) Wilson disease: identification of two 
novel mutations and clinical correlation in Eastern Chinese patients. 
World J Gastroenterol 13: 5147-5150. 

31. Thomas GR, Forbes JR, Roberts EA, Walshe JM, Cox DW (1995) The Wilson 
disease gene: spectrum of mutations and their consequences. Nat Genet 9: 210- 
217. 

32. Cox DW, Prat L, Walshe JM, Heathcote J, Gaffney D (2005) Twenty-four novel 
mutations in Wilson disease patients of predominantly European ancestry. Hum 
Mutat 26: 280. 

33. Gupta A, Aikath D, Ncogi R, Datta S, Basu K, et al. (2005) Molecular 
pathogenesis of Wilson disease: haplotypc analysis, detection of prevalent 
mutations and genotype-phenotype correlation in Indian patients. Hum Genet 
118:49-57. 

34. Gromadzka G, Schmidt HH, Gcnschcl J, Bochow B, Rodo M, ct al. (2005) 
Framcshift and nonsense mutations in the gene for AlTase7B are associated 
with severe impairment of copper metabolism and with an early clinical 
manifestation of Wilson's disease. Clin Genet 68: 524—532. 

35. UstaJ, Abu DH, Halawi H, Al-Shareef I, El-Rifai O, ct al. (2012) Homozygosity 
for Non-H1069QMisscnsc Mutations in AFP7B Gene and Early Severe Liver 
Disease: Report of Two Families and a Meta-analysis. JIMD Rep 4: 129—137. 

36. Dedoussis GV, Gcnschcl J, Sialvera TE, Bochow B, Manolaki N, ct al. (2005) 
Wilson disease: high prevalence in a mountainous area of Crete. Ann Hum 
Genet 69: 268-274. 

37. Firneisz G, Szonyi L, Ferenci P, Gorog D, Ncmes B, ct al. (2001) Wilson disease 
in two consecutive generations: an exceptional family. Am J Gastroenterol 96: 
2269-2271. 

38. Dziezyc K, Gromadzka G, Czlonkowska A (2011) Wilson's disease in 
consecutive generations of one family. Parkinsonism Relat Disord 17: 577-578. 

39. Gromadzka G, Schmidt HH, Gcnschcl J, Bochow B, Rodo M, ct al. (2006) 
p.H1069Q mutation in AFP7B and biochemical parameters of copper 
metabolism and clinical manifestation of Wilson's disease. Mov Disord 21: 
245-248. 



PLOS ONE | www.plosone.org 



6 



June 2014 | Volume 9 | Issue 6 | e98520 



Genotype/Phenotype and ATP7B Mutations 



40. Panagiotakaki E, Tzctis M, Manolaki N, Loudianos G, Papathcodorou A, et al. 
(2004) Genotype— phenotype correlations for a wide spectrum of mutations in the 
Wilson disease gene (ATP7B). Am J Med Genet A 131: 168-173. 

41. Moller LB, Horn N,Jeppesen TD, VissingJ, Wibrand F, ct al. (2011) Clinical 
presentation and mutations in Danish patients with Wilson disease. Eur J Hum 
Genet 19: 935-941. 

42. Santhosh S, Shaji RV, Eapen CE Jayanthi V, Malathi S, et al. (2008) Genotype 
phenotypc correlation in Wilson's disease within families-a report on four south 
Indian families. World J Gastroenterol 14: 4672-4676. 

43. Chabik G, Litwin T, Gzlonkowska A (2014) Concordance rates of Wilson's 
disease phenotypc among siblings. J Inherit Metab Dis 37: 131-135. 

44. Takeshita Y, Shimizu N, Yamaguchi Y, Nakazono H, Saitou M, et al. (2002) 
Two families with Wilson disease in which siblings showed different phenotypes. 
J Hum Genet 47: 543-547. 



45. Czlonkowska A, Gromadzka G, Chabik G (2009) Monozygotic female twins 
discordant for phenotypc of Wilson's disease. Mov Disord 24: 1066-1069. 

46. Gilman PA, Holtzman NA (1982) Acute lymphoblastic leukemia in a patient 
receiving penicillamine for Wilson's disease. JAMA 248: 467^168. 

47. Lee BH, KimJH, Lee SY, Jin HY, Kim KJ, et al. (201 1) Distinct clinical courses 
according to presenting phenotypes and their correlations to ATP7B mutations 
in a large Wilson's disease cohort. Liver Int 31: 831-839. 

48. Brage A, Tome S, Garcia A, Garraccdo A, Salas A (2007) Clinical and molecular 
characterization of Wilson disease in Spanish patients. Hepatol Res 37: 18—26. 

49. Simon I, Schacfcr M, Reichert J, Strcmmcl W (2008) Analysis of the human 
Atox 1 homologuc in Wilson patients. WorldJ Gastroenterol 14: 2383-2387. 

50. Stuehler B, Reichert J, Strcmmcl W, Schacfcr M (2004) Analysis of the human 
homologuc of the canine copper toxicosis gene MURR1 in Wilson disease 
patients. J Mol Med 82: 629-634. 



PLOS ONE | www.plosone.org 



7 



June 2014 | Volume 9 | Issue 6 | e98520 



